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ARTICLE INFO ABSTRACT

Keywords: Although current industry guidelines to control the spread of aerosols such as SARS-CoV-2 (COVID-19) have
Coronavirus adopted a six-foot (~1.8 m) spacing between individuals indoors, recent evidence suggests that longer range
COVID-19 . spread is also responsible for infections in public spaces. The vehicle for long-range spread is smaller (<5 pm)
CZ:;SIL; lﬁizcmg droplets or particles, termed bio-aerosols, or aerosols for short, which have a large surface area to volume ratio

such that aerodynamic drag is much larger than gravity forces. The aerosols remain suspended in air for extended
time periods, and they essentially move with air currents. Prediction of the danger to occupants in a closed room
when exposed to an infected individual requires knowledge of the period of exposure and the concentration level
of aerosols in the breathing zone of an occupant. To obtain an estimate of the concentration level, a common
assumption is well-mixed conditions within an interior space. This is obtained from a mass balance between the
level of aerosol produced by an infected individual along with the airflow rate into and out of the entire space. In
this work, we use computational fluid dynamics, compared with experimental results in several cases, to explore
the aerosol concentration distribution in a typical classroom for several common conditions and compare these
results to the well-mixed assumption. We use a tracer gas to approximately simulate the flow and dispersion of
the aerosol-air mixture. The two ventilation systems examined, ceiling diffusers and open windows, yield average
concentrations at occupant breathing level 50 % greater than the well mixed case, and some scenarios yield
concentrations that are 150 % greater than the well mixed concentration at specific breathing-level locations. Of
particular concern are two conditions: horizontal air flow from an open window in line with a row of seating and,
second, an infected individual seated near a sealed cold window. For the former, conditions are improved if a
baffle is placed inside the open window to direct the air toward the floor, creating a condition similar to
displacement ventilation. In the latter, the cold air flowing down along the cold window recirculates aerosols
back into the breathing zone. Adding window covers or a portable heater below the window surface will
moderate this condition.

Contamination

1. Introduction

SARS-CoV-2 (COVID-19) has fundamentally altered many aspects of
our daily lives. Despite this impact and the enormity of the research that
has gone into prevention strategies, many of the industry guidelines
currently in use assume a well-mixed air model [1,2], which holds that
the aerosol concentration is uniform throughout a room volume at a
specific moment in time. This assumption has inherent flaws regarding
both personal protection and energy consumption. Building on gov-
ernment guidelines and published literature, six-foot (~1.8 m) spacing
between individuals and the wearing of face masks are now generally
accepted practices for reducing transmission rates [3-5]. However,
recent evidence has suggested that longer range spread is responsible for
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infections in public spaces such as restaurants [6], public transit [7],
hotels [8], hospitals [9], multistory buildings [10,11], and cruise ships
[12-14].

Whereas earlier studies suggested that SARS-CoV-2 spread was due
to large drops dispersed within a rough ballistic trajectory of 3-6 feet or
by surface contamination [15], more recent work has highlighted the
vehicle for long-range spread as smaller droplets or particles, termed
bio-aerosols, or aerosols for short, which are assumed to remain sus-
pended in air for extended time periods [16-19]. It is even possible that
the aerosols are more infectious than larger particles [20]. The upper
limit for the size of these bio-aerosols is 5 pm [15,21-23], with a pos-
sibility of particles less than 100-200 pm becoming aerosols through
evaporation [24]. As these aerosols can settle with time, an assumption
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of the settling velocity can be found from the Stokes equation for the
drag between particles and surrounding air [25], assuming a spherical
shape and density of liquid water. The Stokes equation suggests that the
relative velocity between the particle and the surrounding air is less than
1073 m/s, or rather, that the bio-aerosols follow the trajectory of the
room air currents. Such concerns are not new [26,27] and serve to raise
questions about understanding the efficacy of ventilation systems [16,
28-31].

In order to establish proper safety guidelines for interior spaces, it is
important to predict the danger to occupants when exposed to an
infected individual. This requires a knowledge of the period of exposure
and the concentration level of aerosols in the breathing zone of an
occupant. Some investigators combine this knowledge with the Wells-
Riley equation [32-34] to predict the conditional probability of infec-
tion [4,32,35,36]. To obtain an estimate of the concentration level, a
common assumption is well-mixed conditions within an interior space
[33,37]. Given the level of aerosol produced by an infected individual
along with the heating, ventilation and air conditioning (HVAC) flow
rate and room geometry, a simple mass balance will yield the time
resolved concentration level within the space. While the well-mixed
values can lend valuable information regarding the air change rate
necessary to ventilate a space, we have reason to believe that room
specific conditions such as ventilation type and the locations of in-
dividuals can have large effects on the distribution of aerosol in the
room.

There are several documented cases of infections of individuals
seated far from the original source. The new infections are postulated to
be caused by aerosol concentrations around the infected individuals well
above the average for the entire room [7,11]. Li documents the probable
aerosol transmission of CoV-2 across the width of a crowded restaurant
in Guangzhou due to the draft from a wall air conditioner [6,38]. Kwon
[39] presents evidence of the transmission of SARS-CoV2 across the
width of a South Korean restaurant where an individual was infected
from approximately 6.5 m away. Subsequent measurements of the air
flow in the restaurant revealed a horizontal air stream originating from a
ceiling diffuser, moving down a wall, and then being deflected by a table
to form a horizontal flow with a velocity of about 1 m/s. The air stream
passed close to an infected customer seated near the wall and then across
the room to a second customer, who became infected. Due to this evi-
dence of location dependent infection, we analyze both the well-mixed
concentrations as well as the situation-specific hotspots of high aerosol
concentration.

The challenge arises to characterize aerosol dispersion patterns for
several typical interior spaces under different operating conditions.
When is the well-mixed assumption valid? Under what conditions are
occupants potentially exposed to unsafe high concentration and where
are the unsafe locations? This, in turn, requires a generalized under-
standing of air flow patterns which is lacking in the current literature.

In the past, detailed studies of airflow behavior in interior spaces
have been carried out, both experimentally [40] and computationally
[41], to characterize natural ventilation patterns. People at rest generate
about 75 W, heating the surrounding air and creating rising plumes of
warm air [42]. These plumes have a typical velocity on the order of
0.1-0.3 m/s. As they rise, they entrain cooler surrounding air and
continue up until they encounter a layer of air at the same temperature.
At this layer, the plumes will dissipate and mix with the surrounding air
[43,44]. Walls and floors heated by solar gains can also warm nearby air
to create positively buoyant flows while cold windows create down-
flowing cold films with negative buoyancy. These buoyant flows,
created by heat fluxes into and out of the room, interact with airflow
from windows, vents, HVAC supply ducts, diffusers, and other heated
and cooled objects in the room.

HVAC systems are designed to limit the internal air velocity around
humans to reduce discomfort due to draft. Discomfort is observed
generally when the air velocity reaches the range of 0.3 m/s and above
[42]. Therefore, the thermal plumes and mechanical air flows have
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velocities that are of the same order of magnitude and together dictate
the overall air flow pattern in interior spaces. The only exception is air
flow from windows under high wind conditions and possibly flow
created by ceiling fans that can dominate the internal flow behavior.
Results from natural ventilation studies have revealed a complex pattern
of air flow in buildings. In some cases, a thick heated layer of air is
present below the ceiling. In others, there are downward flowing
streamlines of cooler air or a series of large swirling vortices [41].

There is a dearth of systematic studies of aerosol distribution in
common interior spaces, other than a limited number for spaces such as
small offices [45], hospitals [46], and aircraft cabins [47]. Two recent
studies have addressed safe ventilation in classrooms [48] and outdoor
dining [49]. In the former, the use of ventilation from an open window
above the breathing level in a typical New York classroom creates a safer
condition. To broaden our understanding, we have carried out a detailed
study of aerosol concentration patterns in a common space: a classroom
with and without an operable exterior window supplemented by a study
of streamline flow patterns in a conference room.

Our goal is to find the spatial concentration distribution produced by
an infected individual under several different operating and seasonal
conditions. Attention will be focused on the aerosol concentration other
classroom occupants breathe. We use a tracer gas to approximately
simulate the flow and dispersion of the aerosol-air mixture. The simu-
lations assume steady state conditions. At air change rates of 4-6 air
changes per hour, conditions are close to steady-state within one half of
a normal hour-long session. We will assume that the tracer concentra-
tion levels will scale linearly with the source concentration and the
tracer/aerosol moves and diffuses with the surrounding gas flow pat-
terns. To answer the question regarding the accuracy of the well mixed
assumption, the local concentration at the breathing level of the occu-
pants will be scaled to the steady state well mixed value.

2. Computational fluid dynamics
2.1. Governing equations

To computationally estimate the airflow within the space, compu-
tational fluid dynamics (CFD) was used. ANSYS Fluent software was
used to simulate both airflow patterns and aerosol concentration in the
conference room and classroom defined below. A steady state solver, the
Reynolds Average Navier Stokes (RANS) with pseudo-transient effect
was used to solve for the airflow pattern [50].

A single-phase flow with mass and momentum conservation was
selected, coupled with the k-epsilon turbulence model with enhanced
near-wall function to solve the effects of turbulence. No-slip boundary
conditions were placed on all walls. The Species Transport model was
used to solve for the differing mass concentration of different gaseous
species in the space, and the Surface-to-Surface Radiation model with
diffuse surfaces was used to calculate the radiation heat transfer
component.

The mass conservation equation is given by:
ot

The right-hand term is the mass added to the continuous phase from
the dispersed second phase (such as user-defined mass sources).

The solver solves the energy equation in the form below:

%(pE)+V~(7(pE+p)):V~ (kgﬂVTZh,T,-Jr (rzﬂ-7>> + S
2

where kg is the effective conductivity, Tl is the diffusion flux of species
i, Y; is the mass fraction of species i, and
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where: p is the static pressure, 7 the stress tensor, pg the gravitational ® ® ® o]

body force, F the external body force, u the molecular viscosity, I the

unit tensor, and v the effect of volume dilation.

To predict the aerosol concentration at different locations in the
classroom, we make use of the species transport model, that predicts the - @ @
local mass fraction of each species Y; by obtaining the solution of a
convection-diffusion equation for the ith species. This equation is given,
in the general form, as:

p) - N : . .
a(pYi)+V'(vai):fV-J,v+S, @

where S; is the rate of generation of a species at user-defined sources
(diffuser inlets, windows and mouths).

This equation is solved n-1 times, where n is the total number of
species. Since the mass fractions sum to unity, the final species is
calculated by finding the remaining mass fraction that has not yet been
solved for. To reduce numerical error, the species with the highest mass
fraction is selected as the last species (in our case nitrogen).

em

In turbulent conditions the mass diffusion, 71‘, is computed as fol-
lows:
vT
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where Sc; is the turbulent Schmidt number (;Ti where y, is the turbulent L -
viscosity and D is the turbulent diffusivity).

To model the effects of turbulence in the simulation, we utilize the
standard k-epsilon model. This two-equation model allows the solver to
compute for both a turbulent length as well as time scale. The equations
provide a reasonably robust and economic accuracy for a variety of
turbulent flows.

The Surface-to-Surface (S2S) model was used to account for the
radiative heat transfer between surfaces in the room. This model takes
into consideration the size, separation distance, and orientation of sur-
faces, through a calculated view factor. All surfaces are assumed to be
diffuse emitters and reflectors by use of radiosity.

2.2. Geometry

Our base classroom geometry was abstracted from a classroom at
MIT which is 12 m long, 6 m wide, and 3.5 m tall, as shown in Fig. 1.
Under the assumption that precautions for safety during COVID-19
would be considered when setting up a classroom, we placed ten stu-
dents into two rows, all at least six feet apart (~1.8 m). In some simu-
lations, we considered a large single glazed window behind the back row
of students, in others, open windows on one end wall.

We used a simplified human geometry of a cylinder with a half
sphere on top due to this form’s accuracy in modeling plumes, as shown '
in section 2.5. Students were modeled to be seated at a height of 1.3 m
with a standing teacher at the front of the classroom at a height of 1.8 m.

The students had a surface area of 1.7 m? and the teacher a surface area

Fig. 1. Classroom geometry for simulations. People are modeled by 1.3 m tall cylinders with hemispheres on top. They are placed in two rows so that all students are six feet apart.
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of 1.9 m2. Each person has a circular mouth of variable area based on the unless otherwise stated. The humans were given a heat transfer rate of
exhalation velocity in order to maintain a constant air exhalation rate of 44 Watts/m> (convection plus radiation) which provides 75 Watts from
0.42 m3/h. each student, a typical heat generation rate for a resting person, and 84

Watts from the teacher, corresponding to a standing, more active person.

To track the mixture of aerosols and air exhaled by an “infected”

2.3. Boundary conditions individual, we chose to use carbon monoxide (CO) as a tracer gas due to
its similar density and viscosity to air. It has been shown that tracer gases

All walls, the floor, and the ceiling were assumed to be adiabatic

0.0010 0.0012 0.0013 0.0015 0.0017 0.0018 0.0020

Co.Mass Fraction

0.00

Velocity [m s*-1]

Fig. 2. Visual comparison between discrete particle
simulation and tracer gas simulation. (a) Paths of
water droplets with diameters between 0.5 and 5 pm
and turbulent dispersion modeled by discrete random
walks. (b) Volume rendering of CO mass fraction with
transparent being 0.0010 and below, which is
approximately twice the well-mixed concentration of
CO in the room, and red being 0.0020 and above,
which is approximately four times the well-mixed
concentration. (c¢) Paths of water droplet particles
with color showing velocity of the particles on a scale
from 0 m/s to 0.2 m/s. (d) Same volume rendering of
CO as in (b) except colored to show velocity of the gas
on the same scale as (c). (For interpretation of the
references to color in this figure legend, the reader is
referred to the Web version of this article.)
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are accurate as a substitute for simulating individual particles since
aerodynamic drag is much larger than gravity forces, making them
behave similarly to a gas. One main difference between gas and particle
simulations is that deposition of droplets on surfaces is not present when
using a tracer gas. However, for particles between 200 nm and 1 pm in
diameter, deposition is minimal [10,51]. Another difference between
particle and gas models is that gas models neglect evaporation. Exper-
imental analysis of exhaled aerosols by Morawska et al. showed that
non-equilibrium particle evaporation was not detectable for aerosols
between 0.5 and 20 pm in diameter [31]. Thus, evaporation was
neglected in our models. Further, the similarity of results between par-
ticle simulations and tracer gas simulations has been confirmed exper-
imentally and computationally through many studies [10,51]. We also
ran our own confirmation test by comparing a simulation using discrete
water droplet particles the size of aerosols with a simulation using car-
bon monoxide as a tracer gas.

In our tracer gas simulations, as shown throughout the paper, each
mouth was simulated as a constant velocity source of either 0.35 m/s or
1.0 m/s normal to the surface, resulting in a mass flow rate of 0.42 m3/h,
which corresponds to an average human exhalation rate. The infected
individual’s exhaled air was 100 % CO and the uninfected individuals’
exhaled air was 16 % oxygen (O3), 4 % carbon dioxide (CO3), and 80 %
nitrogen (N2). This enabled us to visualize the possible spread of virus-
infected aerosols throughout the room and measure the concentrations
at various locations to compare between models. Previous studies have
shown that droplets measured around a human model were similar
whether or not normal inhales and exhales were modeled, so we
neglected to model inhales but made sure to have the proper amount of
air exiting the mouth to correspond to normal breathing [52]. The
temperature of the exhaled air is set at human body temperature of 310
K.

The results of our comparative study are shown in Fig. 2. For the
comparative particle simulation, 40 droplets with diameters distributed
between 0.5 and 5 pm with a mean of 1 ym were placed at the face of the
mouth with air being exhaled at 1 m/s from the mouth surface to carry
the particles. This case is a natural ventilation case with air entering at 1
m/s through the two bottom windows at the left of the room, and the
windows are in line with the rows of students. Two upper windows act as
a pressure outlet. The geometry of this simulation and boundary con-
ditions of the people are the same as the rest of our simulations and the
setup is the same as Simulation A. The paths taken by the gas and par-
ticles were very similar, and the locations of high density of particles
also resembled the areas of high CO mass fraction in the air. The

000 4000 8000 (m)
]

(a)
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velocities of the particles and the gas clouds were also very similar. Thus,
we elected to use a tracer gas in order to reduce computational
complexity and allow us to examine numerous scenarios quickly.

In this paper, we look at various combinations of ventilation methods
and room conditions, including HVAC through ceiling diffusers, opening
windows and doors, and non-adiabatic closed windows with tempera-
ture differences across them. It is assumed that all supply air does not
contain any infected aerosols. In some simulations, a negative or positive
heat flux is introduced to the rear wall of the classroom to model a
single-glazed window during either hot or cold seasonal conditions. In
natural ventilation simulations, windows are introduced on the left (-X
direction) wall, which are modeled by rectangular cutouts on the left
wall.

2.4. Meshing and grid independence test

The space in the classroom is divided into small tetrahedral mesh
elements, for each of which the air parameters are calculated by the
solver. The mesh size is varied throughout the space, to ensure that
smaller detail can be captured in areas where it is important. The mesh
along the walls, human surfaces, mouth area and inlet surfaces is refined
as is visualized in Fig. 3, resulting in an average Y-plus value of 4.1 at the
surface of the people. The size of the mesh elements was determined by
running a grid independence test. The number of mesh elements was
increased by a factor of two until the patterns of the air paths and the
tracer gas concentrations converged within a 10 % error bound.

2.5. Experimental Confirmation

To verify that the models and boundary conditions used in the CFD
simulations resembled the real world, a case of a single person in a room
and a case of people in a conference room with experimental results
were considered.

In the single person room case, the goal was to verify the plumes
created by the boundary conditions of our human models. Our sitting
human model of a cylinder with a half sphere on top is positioned alone
in a cylindrically shaped room. Due to symmetry along the X and Z
planes through the center of the room, only a quarter of the room was
simulated. The ceiling of the room was held at a constant 295.5 K and
the floor at 293 K. The curved outer wall had a negative heat flux of
—1.286 W/m?. The human model was given a heat flux of 44 W/m?, as is
used in all of our simulations. The results were compared to experi-
mental measurements for a very similar real-life case [53] and are

Fig. 3. Visualization of meshing for all simulations. (a) View of classroom from outside. Smaller mesh elements can be seen around the HVAC diffusers and return

vent. (b) Slice to view mesh around human model.
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illustrated in Fig. 4. The close agreement between the plume velocity at
different distances above the head and the vertical temperature distri-
bution in the room help to establish confidence in the computational
results.

A related study of air flow patterns in a conference room near MIT
provides further confirmation of the accuracy of the CFD model used.
The room studied in this related experiment had seating for six around a
central table, a chilled beam conditioning system, a larger double-glazed
window, and exhaust through the doorway. Both the conference room
[54] and classroom studies were modeled in Ansys Fluent with similar
boundary conditions to the ones we used. Experimental measurements
of the conference room were able to be taken to gain confidence in the
results. Near the doorway the experimental velocity varied by as much
as 0.5 m/s from floor to ceiling. The simulated velocity values at this
location agreed with the experimental ones within six percent on
average, while the simulated vertical temperature profile agreed within
0.5 K with measurements.
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3. Results

3.1. Effects of exhale speed on direction of expelled aerosols and
importance of masks

When researching the spread of virus containing aerosols in an in-
door environment, the importance of human plumes is often under-
stated. We argue, however, that warm air plumes drastically affect the
movement of air in rooms with stationary people. Exhaled air is
immediately affected by the warm air plume rising around a human, and
the speed of the exhalation determines whether or not the aerosols
within a breath rise with the plume towards the ceiling or escape the
plume and follow other air currents in the room. We assume in our
simulations that air leaves the mouth horizontally at human body
temperature with a mass flow rate comparable to that of a resting person
(0.42 I‘l‘13/h). While this mass flow rate is always maintained with normal
breathing, the horizontal velocity of the infected air escaping from the
mouth can vary greatly depending on the presence and fit of masks. The
size of the mouth opening on the human models was adjusted as velocity

2955

295

Temperature (K)
N
2
(%]

294
—@— Simulation Results
® Experimental
2935
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0.00 0.50 1.00 150 2.00 2.50 3.00

Height (m)
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Fig. 4. Experimental Confirmation of CFD Accuracy through comparison of plume rise velocity and temperature data from an experiment with single human subject
with the results of our simulation modelling the same situation. Simulation results of (a) velocity distribution and (b) temperature distribution. Graphs of (c) plume
velocity vs height compared with experimental data [42] above the head of a person and (d) temperature versus the height above the floor in the room, measured a

meter away from the person.
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of exhaled breath changed in order to maintain this mass flow rate.

Without masks, human exhales have an initial velocity of around 1
m/s [55]. However, stronger exhales can have an initial velocity around
2 m/s, and talking or coughing can result in even faster speeds. When
individuals are wearing a mask, air escapes mainly around the sides and
out the top. Thus, an exhale speed of 0.35 m/s was chosen to represent a
poorly fitted mask case. We argue that exhale speed has a large impact
on spread of aerosols throughout the room since air that remains close to
the body for extended periods rises relatively quickly with the human
plume to the ceiling, whereas air that escapes the plume remains at
breathing level for much longer and is likely to be pulled by other air
currents in the room.

To examine the effects a mask might have in diverting infected air
away from other individuals, a simulation involving discrete water
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droplets of varying initial velocities was run. It is assumed that mass
flow rate across the mouth, corresponding to the amount of exhaled air,
remains constant with and without a mask. In this setup, there is a single
individual in a room, without any flow generated by the HVAC system.
To reach steady state, the ceiling, floor, and walls in front of and behind
the manikin have a negative heat flux of 2.1 W/m? such that the total
heat generated by the human is removed by the walls. The side wall act
as a pressure boundary condition at gauge pressure, allowing air to pass
out of the room. Backflow is allowed across these walls at 295 K. Discrete
water droplets with a range of diameters from 0.5 pm to 5 pm with an
average diameter of 1 pm were injected into the room from the mouth so
that they could be carried by exhaled air of varying speeds. Fig. 5 shows
three paths of water droplets with exhale speeds of 0.35 m/s, 1.0 m/s,
and 2.0 m/s, colored by velocity as they leave the mouth and rise, along
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Fig. 5. Trajectories of water droplets exhaled at various speeds and the accompanying temperature profiles. (a) Exhale velocity of 0.35 m/s, which corresponds to a
poorly fitted mask case. (b) Exhale velocity of 1 m/s, which corresponds to normal breathing case. (c) Exhale velocity of 2 m/s which corresponds to stronger exhales.
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with the temperature profile for each case.

We found that only air leaving the mouth area at a very low speed,
comparable to the speed of air being exhaled through or around a mask,
rises with the human plume. All greater exhalation speeds have a high
enough velocity to escape the plume. The exhaled air is hotter than the
surrounding air, so it will rise, although at a very low velocity of
approximately 0.01 m/s. The particles in the plume rise to the ceiling at
a velocity of about 0.15 m/s. Therefore, the aerosols that escape the
plume have a high chance of interacting with other air circulation in the
room and spending more time at the breathing level or below rather
than rising to the ceiling, creating a more infectious environment. These
results further emphasize the importance of wearing a mask in indoor
environments.

The CFD model for the conference room [54] illustrates this same
phenomenon. In this simulation, exhaust from the individual mouths
was omitted. Fig. 6(a) shows streamlines of air originating in the thermal
plumes right above the head of the two individuals sitting on the left of
the table. Fig. 6(b) depicts a streamline starting 5 cm away from the
seated individual’s head. The distinction between these flow paths
despite relatively close starting locations shows the importance of the
plume in redirecting air. It also shows how thin the thermal boundary
layer producing the plume is to the body since air only 5 cm away did
not experience the buoyant effects. This supports the idea that a low
exhale velocity is needed for infected breath to be captured by the
human plume. Therefore, aerosols emitted around a face mask that stay
within the buoyant plume have a different trajectory than aerosols
expelled with a horizontal velocity that takes them outside the human
plume.

As a comparison to these thermal plume effects, we also ran a
simulation of the ceiling diffusers running in a classroom with adiabatic
walls and no people in the room. In this case, streamlines originating
from the inlets show a fairly random pathway of air throughout the
space, compared to the streamlines present in a classroom with people,
where air is warmed and rises around the people and then falls again as
it cools. The significance of the thermal plumes on the overall airflow
pattern in the room is further supported by these results.

3.2. Display of results

Both qualitative and quantitative displays are used to illustrate the
results. Methods to compare the simulations include volume renders and
color-coded planes of temperature and CO mass fraction, as well as
streamlines showing air paths from the infected individuals. To easily
compare results between simulations, we will use a scale relative to the
calculated well-mixed concentrations of the room with the given
boundary conditions. For the Natural Ventilation Simulations, volume
renderings are displayed with transparency representing twice the well-
mixed concentration and red representing four times the well-mixed
concentration. Plane views of the seated and standing breathing

/,-"
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planes are colored with blue representing areas at or below the well
mixed concentration and red representing four times the well-mixed
concentration. For HVAC ventilation, the transparent limit for volume
renderings is set at well-mixed concentration, and the opaque scale at
four and a half times well-mixed concentration. Any point that has a
mass fraction value below the transparent bound, is shown as trans-
parent, enabling a 3D visual. This allows us to visually distinguish areas
in the room with elevated aerosol concentrations.

3.3. Natural ventilation results

Although most modern buildings are equipped with HVAC systems,
many older buildings and schools rely on opening windows and doors
for ventilation. Furthermore, many classrooms with mediocre ventila-
tion systems are opening windows in hopes of increasing airflow and
reducing the spread of COVID-19. For these reasons, it is important to
consider the various scenarios that may arise when windows are opened
and to analyze possible risk factors. Multiple setups with different
window and door conditions were considered.

In the following natural ventilation simulations, we assume an exit
velocity of 1 m/s for air breathed out by the students, corresponding to a
normal breathing case. We placed two infected individuals in the room,
one close to the windows in the back row, and one far from the windows
in the front row, so that we can compare the differing situations of being
seated near or far from the inlet windows. The total area of window
inlets is 0.46 m? and the velocity of incoming air is 1 m/s. This yields an
air change rate of 6.5 changes per hour and a well-mixed, steady state
concentration of 0.00052 total mass fraction of CO. The different situ-
ations modeled are described in Table 1 below.

Simulation A: Double Hung Windows Aligned with Rows of Students.

In Simulation A, the windows are double hung and in line with the
two rows of students, with an air speed of 1 m/s across each, normal to
the boundary. Based on the nature of double hung windows, we assume
a constant inflow of air through the bottom pair of windows at 1 m/s and
set the top windows to be pressure outlets. There is no other exhaust
vent. This situation would be similar to placing a fan near the lower
windows or a breezy day with an overhang blocking the wind
approaching the upper windows. There is no other outlet in the room.
The results are pictured in Fig. 7, with infected individuals indicated
with a red arrow.

Table 1
Descriptions of simulation variations with operable windows.

Simulation A Double Hung Windows Aligned with Rows of Students

Double Hung Windows Between Rows of Students

Baffles on Double Hung Windows Aligned with Rows of Students
Door Open and Bottom Windows as Inlets Between Rows of Students
Door Open and Top Windows as Inlets Between Rows of Students

Simulation B
Simulation C
Simulation D
Simulation E

Fig. 6. Streamlines originating (left) within the thermal plumes and from a computer, and (right) 5 cm from the face [54].
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Fig. 7. Results of Simulation A with double hung windows aligned with the rows of students. (a) Streamlines originating around the heads of the two infected
individuals from 0 to 60 s and colored according to velocity. (b) Volume rendering of CO mass fraction. The transparent limit is set at 2x well mixed, and the opaque
scale at 4x well mixed. (c) Colored rendering of CO mass fraction right below mouth level of seated students. (d) Colored rendering of CO mass fraction right below

mouth level of standing teacher. The lower limit is set at 1x well mixed, and the upper limit at 4x well mixed.

In this simulation, a circular airflow pattern arises as cool air enters
through the windows and sinks due to buoyancy effects while main-
taining a horizontal velocity. As the air is warmed by the students and
teacher, it rises and is pulled back toward the upper outlet window due
to the positive pressure difference created by the incoming air. As seen in
Fig. 7(a) and (c), this creates a dangerous situation when an infected
student is seated next to the window, as infected aerosols are pushed
directly into the next student by horizontal currents. Since the incoming
air is cooler, the airstream drops as it moves toward the next student. If
the open window was slightly higher, the concentration around the next
student might be higher since the incoming air will blow rising aerosols
from the infected individual’s plume and reach the next student at
breathing level. The infected student farther away from the window
does not create a hazardous environment for the person sitting next to
them, and we mainly see the infected aerosols they breathed out rise to

the ceiling.

3.3.1. Simulation B: double hung windows between rows of students

We hypothesized that this problem of horizontal breezes pushing
infected air directly into other students could be mitigated by posi-
tioning the students so that they are not directly in line with the win-
dows. We studied this case in Simulation B, which has the same setup as
Simulation A, however, the windows were moved to be in the gaps be-
tween the two rows of students.

The resulting streamlines are very similar to in Simulation A,
exhibiting a strong circular pattern of circulation in the XY plane, with
the cool incoming air less disturbed by immediate interaction with the
human plumes. In contrast to Simulation A, however, the plumes com-
ing off the students in Simulation B are being largely pulled back to-
wards the windows, whereas the plumes were being largely pushed
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directly toward the next student in Simulation A. In this case, the stu-
dents sitting next to the infected individuals are more protected than
those in Simulation A, as seen by comparing Figure 7(c) to Figure 8(c).
This suggests that seating students away from strong horizontal air
currents is preferable (see Fig. 9).

3.3.2. Simulation C: baffles on double hung windows aligned with rows of
students

Another possible way to avoid strong horizontal air currents inter-
acting with exhaled air would be to place a baffle inside the windows
that directs the air downwards. We simulated this by maintaining the
same mass flow rate but directing the incoming air from the windows
downwards at a 45° angle. In Simulation C, the windows are again
aligned with the rows of students as in Simulation A.

Building and Environment 204 (2021) 108167

Compared with the results of Simulation A, where the air entered the
room normal to the windows, the CO concentration at the breathing
planes is lower for Simulation C, where the air from the windows is
directed downwards. A cool layer of air near the floor seems to create a
strong buoyancy effect so that most of the infected aerosols rise and are
suspended above breathing level until they exit the room through the
outlet windows. This starts to approach displacement ventilation
although the air entering the room in this case has a high momentum
causing recirculation and higher aerosol concentration at breathing
level. These results suggest that baffles to direct air downwards could be
an effective measure in classrooms with windows spanning an entire
wall where the staggered alignment of Simulation B is not possible.
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Fig. 8. Results of Simulation B with double hung windows placed in between the rows of students. (a) Streamlines originating around the heads of the two infected
individuals from 0 to 60 s and colored according to velocity. (b) Volume rendering of CO mass fraction. The transparent limit is set at 2x well mixed, and the opaque
scale at 4x well mixed. (c) Colored rendering of CO mass fraction right below mouth level of seated students. (d) Colored rendering of CO mass fraction right below
mouth level of standing teacher. The lower limit is set at 1x well mixed, and the upper limit at 4x well mixed.
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Fig. 9. Results of Simulation C with double hung windows aligned with the rows of students and the air flow directed downwards to prevent strong horizontal drafts.
(a) Streamlines originating around the heads of the two infected individuals from 0 to 60 s and colored according to velocity. (b) Volume rendering of CO mass
fraction. The transparent limit is set at 2x well mixed, and the opaque scale at 4x well mixed. (c) Colored rendering of CO mass fraction right below mouth level of
seated students. (d) Colored rendering of CO mass fraction right below mouth level of standing teacher. The lower limit is set at 1x well mixed, and the upper limit at

4x well mixed.

3.3.3. Simulation D: door open and bottom windows as inlets between rows
of students

A strategy schools may employ to improve ventilation is to open the
door along with the windows. In general, this would allow greater air
flow into the room through the windows, since any positive pressure
built up in the room can exit through the door. In Simulation D, we
added an open door opposite of the windows. For this simulation, the
windows are between the rows since we have established the risks of
having them aligned with the students. The results are nearly identical
regardless of if the windows are double hung since most of the air exits
through the door. In this simulation, the upper window is closed.

Since the outlet is now on the opposite wall from the inlet and air can
exit lower to the ground, a vertical temperature stratification occurs in
the room with warm air accumulating above the top of the doorway,
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especially on the side of the room with the windows. Infected air rises
with the human plumes and then becomes trapped in the warm layers as
cool air continues to enter through the windows and creates buoyant
effects. This situation is not ideal since the concentration is increased in
the upper part of the room and the concentration of aerosols is elevated
at the breathing level. If the windows were higher on the wall, the
dangers of this situation may be reduced. This hypothesis is investigated
in the next simulation.

3.3.4. Simulation E: door open and top windows as inlets between rows of
students

Simulation E, we again have a single open window with an open door
on the opposite wall, however, the upper windows are now open, and
the bottom windows are closed, creating a situation where the inlet is
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above breathing level.

The stratification seen in Simulation D was still prevalent in Simu-
lation E, however the beginning of this warm layer was closer to the
ceiling. The air flow entering from a higher elevated acted as a mixing
force in the room, and more of the room was closer to the well-mixed CO
mass fraction, as opposed to the large cloud of infected aerosols seen in
Simulation D (see Fig. 10).

3.4. HVAC results

In the HVAC scenarios, the windows are sealed, and the room is
ventilated from eight diffusers on the ceiling, as shown in Fig. 12. There
is single return outlet, located just below the ceiling at the center of the
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left wall (when facing to the front of the classroom). The outlet has a
surface area of 0.36 m?, and is modeled as a constant pressure boundary,
at atmospheric pressure, considering hydrostatic pressure effect, labeled
in Fig. 13(a). The air enters along the ceiling from the diffusers with a
speed of 0.5 m/s and temperature varying based on the simulation. The
size of the diffusers is shown in Fig. 12, with a cross sectional area of
0.06906 m? per diffuser. The wall opposite the instructor is treated as a
single glazed window, and several different outdoor temperatures are
investigated. A radiator is also present at the base of the window, but is
only used in one simulation. The radiator is also labeled in Fig. 13(a).
The results of the ceiling diffuser HVAC simulations are presented
below. Table 2 shows different simulation conditions and their names.
Table 3 contains their respective boundary conditions.
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Fig. 10. Results of Simulation D with a pair of windows between the rows of students and an open door on the opposite wall. Air flows in from the lower window. (a)
Streamlines originating around the heads of the two infected individuals from 0 to 60 s and colored according to velocity. (b) Volume rendering of CO mass fraction.
The transparent limit is set at 2x well mixed, and the opaque scale at 4x well mixed. (c) Colored rendering of CO mass fraction right below mouth level of seated
students. (d) Colored rendering of CO mass fraction right below mouth level of standing teacher. The lower limit is set at 1x well mixed, and the upper limit at 4x
well mixed.
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Fig. 11. Results of Simulation E with a pair of windows between the rows of students and an open door on the opposite wall. Air flows in from the upper windows. (a)
Streamlines originating around the heads of the two infected individuals from 0 to 60 s and colored according to velocity. (b) Volume rendering of CO mass fraction.
The transparent limit is set at 2x well mixed, and the opaque scale at 4x well mixed. (c) Colored rendering of CO mass fraction right below mouth level of seated
students. (d) Colored rendering of CO mass fraction right below mouth level of standing teacher. The lower limit is set at 1x well mixed, and the upper limit at 4x
well mixed.

For the HVAC case, the total carbon monoxide injection was 50 W/m? is present at the window along the back wall, corresponding to
0.0001544 kg/s and the fresh air inlet was 0.343 kg/s across the total an outside air temperature roughly 10 K below the inside air tempera-
interior air volume of 252 m® yielding 4.4 air changes per hour. Based on ture. Warm air enters the room from the ceiling diffusers at 301 K (28C).
this, the resulting well-mixed carbon monoxide concentration is Fig. 12(a) below shows the presence of the thermal plumes around the
0.00045 total mass fraction of CO. The temperature of the inlet was individuals, which is key to the general airflow patterns in the room
adjusted to maintain comfortable temperature conditions in the room at since there are no dominating horizontal air currents from windows. A
steady state as the heat flux across the window changes. In these sim- similar visual, using CO mass fraction as the display variable, is shown in
ulations, we assume an exhale velocity from the mouths of 0.35 m/s Fig. 13(b). For the CO volume renders, the transparent boundary is set at
(people wearing poorly fitted masks) while maintaining the same mass 0.0005, which is 1.11 x the well-mixed concentration, and the red upper
flow rate as in the natural ventilation cases. limit is set at 0.002, 4.44x well-mixed. From this visual we see that the

effect of the thermal plumes has a significant effect on the spread of the
3.4.1. Simulation F: heating with moderate heat loss to a window exhaled gas, which rises around the infected individual, identified with

This case represents the base heating case, with a moderate tem- an arrow.

perature gradient between the inside and outside. A negative heat flux of We can see from these initial results that horizontal air flows are not
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Fig. 12. Top view of ceiling diffusers in HVAC cases. Air enters parallel to the ceiling from the sides of each square diffuser. There are eight diffusers in total, spaced
1.8 m apart. The initial velocity of air across the inlets is 0.5 m/, resulting in 0.343 kg/s of fresh air entering the room. A square return vent is present on one side

wall, which acts as a pressure boundary at gauge pressure.

as prevalent as in the natural ventilation cases, and the thermal plumes
and cool air from the ceiling play a large role in the movement of air
instead. The color scale on the streamlines in Fig. 13(d and e) is repre-
sentative of the time that has passed since that air passed by the infected
individual. The streamlines clearly rise with the human plume before
spreading throughout the room. The remaining sets of simulations will
explore how changes in different variables impact the resulting steady-
state conditions in the room.

3.4.2. Simulation G and H: heating cases, cold and colder windows

In Simulations G and H, the total heat flux at the window to the
outside was increased to 75 W/m? and 100 W/m? to simulate larger
temperature gradients across the single-glazed windows, analogous to a
wintertime condition. The approximate outside temperatures for Sim-
ulations G and H are 10 °C and 0 °C respectively. From Fig. 14, which
shows the results of simulation H, we can see that the increase of the
temperature gradient resulted in much larger values of CO mass fraction
throughout the room, indicating a more dangerous situation when an
infected individual is seated next to a cool window with heating from
above. The colder temperature at the window cools the adjacent air,
which sinks to the floor from where it is picked up again by the plumes,
carrying infected aerosols. The two simulations, suggest that the effect is
magnified proportionally to the temperature gradient. This increase is
also displayed in the box-and-whisker plot in Fig. 18.

With the colder case, the higher aerosol concentration rises in the
plume, is drawn down near the cold window, and then contacts the
student in the next row. This effect of colder outside temperatures can be
counteracted by implementing better thermal insulation at the window,
such as double-glazing or using a radiator to heat the window surface.
This last claim is supported by Simulation I.

3.4.3. Simulation I: heating with radiator

Simulation I considers the short wall below the window, to be a
radiator. The two exposed surfaces act as a recirculation inlet and outlet,
respectively. The air is drawn in on the vertical face and released with a
temperature increase of 5 K from the horizontal face, onto the window.
The CO mass fraction plots below clearly show the extreme reduction of
the spread of the tracer gas. As seen in Fig. 15, the effects of the cold
window are for all practical purposes, cancelled out.

3.4.4. Simulations J and K: cooling cases, warm and hot windows
In Simulation J the opposite season to Simulation F was considered,
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where the outside temperature is warmer than comfortable room tem-
perature. From these simulation results, it was seen that there is no large
difference between the mild heating in Fig. 13(c) and mild cooling case,
but as soon as the net heat flux increases across the window, there are
greater temperature gradients throughout the room, intensifying airflow
patterns, and increasing airflow velocities. When the HVAC system
compensates for a higher outside temperature, without adjusting the
flow rate, the inlet temperature is decreased. This colder air, causes the
air around the diffusers to sink down, including air which has risen in
the infected plume. So as the inlet temperature decreases, the temper-
ature gradient increases, causing more air to sink to the floor. This
pattern is displayed in Fig. 16, which shows the streamlines for the more
extreme cooling case, Simulation K.

3.4.5. Simulations L and M: No mask

In Simulations L and M, we investigate the effect that the velocity of
exhaled air has on the CO mass fraction profile in the room. In these
simulations, the velocity of the air exhaled by people was increased to 1
m/s, corresponding to people not wearing a face mask at all. The
infected individual in Simulation M is moved to the front row, to
investigate dependence on location with respect to the window. In the
CO mass fraction planes in Fig. 17, the values are much higher than the
other simulations, because the mouth velocity was increased without
changing the geometry, the total CO volume introduced into the space
increases proportionally. To provide adequate comparison between
simulations, the scales for simulations L and M have been adjusted
accordingly with respect to the well-mixed concentration. From the box
and whisker plot in Fig. 18, we can see that the normalized mass fraction
values are higher for Simulations L and M than the lower velocity case in
Simulation F. This further confirms our previous study on the effects of
varied exhale speed in Fig. 5. We can see that when the exhalation ve-
locity is high enough, the exhaled air travels fast enough to escape the
entraining effects of the thermal plume and spreads more by diffusion in
the breathing plane.

3.4.6. Simulation N: No window, adiabatic room

In Simulation N, the thermal effects introduced by the window are
removed to simulate a classroom with no windows. For these conditions,
the CO tracer gas rises from the infected individual without much lateral
motion. This further reinforces the theory of cold windows/walls
creating worse conditions. From the comparison of all simulations
shown in the following section, we see the adiabatic wall case
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Fig. 13. In Simulation F, warm air at 301 K (28C) enters through the ceiling diffusers and a cold window at the back of the classroom creates a negative heat flux
against that wall of —50 W/ m?2. (a) Temperature Volume Render of Simulation F, clearly showing the thermal plumes in the room. (b) Volume Render of the CO mass
fraction of Simulation F. (c) Horizontal Plane at breathing level, showing the CO mass fraction. (d, e) Steady state streamlines from infected individual for Simu-
lation F.
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Table 2

Descriptions of simulation variations without operable windows.
Simulation F Heating with Moderate Heat Loss to a Window
Simulation G Heating, Cold Windows
Simulation H Heating, Coldest Windows
Simulation I Heating with Radiator
Simulation J Cooling with Warm Windows
Simulation K Cooling with Hot Windows
Simulation L No Mask, Infected Person in Back Row
Simulation M No Mask, Infected Person in Front Row
Simulation N Adiabatic Window

performing well. This suggests that better insulation on windows and
walls leads to safer conditions inside the room.

3.5. Simulation comparisons

The colored volume and plane results give a good qualitative picture
of the aerosol dispersion. To obtain a quantitative comparison, a
different method of comparison between situations was selected. By
using CO as a tracer gas for exhaled air and monitoring the mass fraction
throughout the space, we are able to gain some numeric basis for
comparison. Samples of the average CO mass fraction near the breathing
zone of all non-infected individuals in a sphere of radius 0.33 m centered
around the head were taken in each natural ventilation and HVAC
simulation. The results of these samples are shown in the box-and-
whisker graph in Fig. 18. The values are normalized with respect to
the well-mixed CO mass fraction for each simulation. The distribution of
CO mass fraction values can then be used as an indicator of infection risk
for each of the situations. Cases A through E have ventilation through
open windows while the rest of the cases use a standard HVAC venti-
lation design. The individuals with the highest and lowest concentration
are shown as the extremes. Some cases resulted in an average local CO
mass fraction value near the well-mixed value, whereas some averaged
much higher. In some cases, the concentration reaches 2.5 times the well
mixed value at certain locations.

In some cases, with open windows, the concentration reaches 2.5
times the well mixed value. The worst cases occur with lower windows
in line with student seating and with exhaust through a modest door
height. Directing the air immediately downward from the windows
(mimicking displacement ventilation) gives the lowest level of exposure
for all occupants. Opening the upper windows and the door results in a
uniform exposure but at a higher average concentration.

For the HVAC cases with ceiling diffusers, concentration levels are
highest when an infected individual is close to a very cold widow and
when individuals wear a loosely fitted mask in a classroom with a cold
window.

3.6. Flushing simulation

A flushing simulation was completed on a transient solver to deter-
mine how accurate the well-mixed assumption is in an empty room with
only clean air entering. The same HVAC geometry with ceiling diffusers
was modeled with adiabatic walls and an initial condition of the well
mixed concentration at time zero. Occupants were intentionally not
modeled during this simulation. This case is representative of a space
being flushed out by the clean inlet air, overnight or between classes. If
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we assume large disturbances when the occupants leave the room, the
well-mixed initial assumption is not far off. From the transient simula-
tion, we found the average, maximum, and minimum volumetric mass
fraction at 60 s intervals, and compared them to the corresponding
theoretical, well-mixed values. There was a very close correlation be-
tween the two data sets. This suggests that a well-mixed assumption is an
accurate representation of flushing an empty room.

3.7. Energy implications and reduced occupancy

Based on this work, air change rate increases above the current
recommendations are necessary to maintain exposure limits equivalent
to the current well-mixed assumption for all occupants. Such an increase
in air change rate will require a commensurate increase in energy re-
quirements, to which local and zonal air filtration may be helpful in
reducing contaminant levels near the source. In the simulations modeled
above, the occupancy level has remained constant at eleven persons
except for the flushing transient simulation. As shown in Fig. 8(d), a
wall-mounted CO; sensor may also misrepresent the carbon dioxide
levels in a space if the well-mixed assumption is invalid based on the
airflow within same said space. The well-mixed assumption is particu-
larly dangerous if the sensor location is used to control ventilation for
the space itself.

As outside air is brought into a building for contaminant control, it is
conditioned for both temperature and humidity limits, which requires
energy to be spent in achieving those limits. A common control algo-
rithm for the room HVAC system, demand control ventilation, maintains
a prescribed CO; level by varying the proportion of outside air in the
ventilation airflow. The algorithm assumes a well-mixed steady state
condition for the room, where the concentration of a pollutant, CO, or
aerosol, will be a function of the rate of pollutant mass generation and
the mass flow rate of outside air.

With reduced occupancy, the total CO5 generation is reduced and the
probabilistic chance of a non-infected individual encountering an
infected individual is lower. However, with demand control ventilation
and a reduced occupancy level, although the CO; remains within pre-
scribed limits, the resultant reduction of the outside air ventilation will
result in a higher average concentration of aerosol in the room produced
from an infected occupant (if present) than the same occupant in a room
at full occupancy. Therefore, with reduced room occupancy, the chance
of encountering an infected individual decreases. Yet if an individual is
infected, the infection risk for other occupants increases with reduced
room occupancy when demand control ventilation based on CO, feed-
back is used. To address these scenarios, the safest operation requires a
constant flow of outside air irrespective of occupancy level. To alleviate
the energy impact of this strategy, an alternative approach may include
a high-performance filtration system. Further work is needed to address
this filtration question, as well as additional simulations of airflow to
identify safe seating configurations with low occupancy and reduced
airflow rates.

4. Conclusions

COVID-19 is an aerosolized virus. With such small particle sizes, the
established six-foot (~1.8 m) spacing guidelines and heightened air
change rates are an incomplete picture. The results from this paper help
reinforce the concept that exhaled particles of modest velocity (such as a

Table 3

Boundary conditions for simulations F-N, inclusive.
Simulation F G H I J K L M N
Inlet Temperature 301 K (28C) 302 K (29C) 303 K (30C) 298 K (25C) 288 K (15C) 287 K (14QC) 301 K (28C) 301 K (28C) 292 K (19C)
Rear Window Heat Flux [W/m?] -50 -75 —100 -75 35 70 -50 -50 0
Mouth Velocity [m/s] 0.35 0.35 0.35 0.35 0.35 0.35 1 1 0.35
Infected Person Location Back Center ~ Back Center  Back Center  Back Center = Back Center  Back Center  Back Center  Front Right Back Center
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Fig. 14. Simulation H is a heating case with outside temperature of 0 °C respectively, represented by a negative heat flux across the back wall —100 W/m?.
Simulation H results. (a) Streamlines for Simulation H. (b) Side view of streamlines for Simulation H. (c) Volume rendering of CO mass fraction for Simulation H. (d)
Side view of CO mass fraction for Simulation H.. (e) CO mass fraction at sitting breathing level for Simulation H.

person with a mask or face shield) are entrained in the thermal plume of
the body heat and rise toward the ceiling. However, higher horizontal
velocities (such as a person without a mask or face shield) can escape the
thermal plume and can linger within the breathing plane of others.
These thermal plumes from people and heated objects continue to have
an impact on air flow within the room, along with influences from cold
or heated surfaces, mechanical HVAC systems, and outside air
ventilation.

Two HVAC systems have been examined to show that, even with
industry standard air change rates, the well-mixed assumption as

applied to a conventional HVAC system made up of ceiling diffusers may
underpredict the contaminant levels inhaled by the occupants by half.
Even with the window open, the perceived safety of the well-mixed
assumption is too conservative and underpredicts the potential expo-
sure by 60 %.

Aside from air change rate changes, other strategies can be employed
to limit potential exposure of non-infected individuals. For situations
where a cold outside surface (i.e. an uninsulated window) may exist,
contaminant levels can be reduced by an order of 20 % by the addition of
a convective heater below the window, the use of curtains or blinds, or
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0.0005 0.0020 0.0005

Co.Mass Fraction Co.Mass Fraction

(a) (b)

Fig. 15. Simulation I considers the same boundary conditions as Simulation G, with the addition of a radiator below the window. (a) CO Mass fraction at breathing
level. (b) CO Mass fraction in the vertical plane, at the center of the room. For both images, the colour scale ranges from 1-4.4 x well mixed mass fraction. (For
interpretation of the references to color in this figure legend, the reader is referred to the Web version of this article.)

Time on Streamline 1 [s] Time on Streamline 1 [s]

(a) (b)

0.00045 0.00200

Co.Mass Fraction
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Fig. 16. Simulation K is a more extreme cooling case with a hot window. Air enters from the diffusers at 287 K (14C) and a heat flux of and 70 W/m? across the
window. (a) Streamlines for Simulation J. (b) Side view of streamlines for Simulation J. (¢) CO mass fraction at sitting breathing level for Simulation K.
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0.00129 0.00571 0.00129 0.00571

Co.Mass Fraction Co.Mass Fraction

(a) (b)

Fig. 17. Simulations L and M have the same boundary conditions as Simulation F, heating with moderate heat loss to a window (Fig. 11), but for these cases, the
people have a higher breathing velocity of 1 m/s opposed to 0.35 m/s to represent unmasked breathing. (a) CO mass fraction at sitting level for Simulation L with
infected student in back row. (b) CO mass fraction at sitting level for Simulation M with infected student in front row on the far right. The upper limit of the color
scale is 4.44x well mixed, and the lower limit is 1.11x well-mixed. (For interpretation of the references to color in this figure legend, the reader is referred to the Web

version of this article.)

A B CDETFGH I J] K L M N aM Heating, Cool Windows, Poorly Fitted

Mask, Infected in Front Row
O N: No Windows, Adiabatic

B A: Windows Aligned with Rows

m B: Windows Between Rows

o
73
S

o C: Baffles on Windows, Aligned with Rows

o D: Bottom Windows Open and Door Open

nd
o
S

0 E: Top Windows Open and Door Open

m F: Heating, Cool Windows

8 G: Heating, Cold Windows

O H: Heating, Coldest Windows
o1I: Heater by Cold Window
T m]: Cooling, Warm Windows
. 8K: Cooling, Hot Windows

B L: Heating, Cool Windows, Poorly Fitted Mask

=
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Local CO Concentration/ Well-Mixed Concentration
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Fig. 18. Box and whisker diagram of normalized CO mass fraction compared to well-mixed concentration at breathing plane for different simulations. ‘X’ represents
the volume average concentration for the entirety of the room volume. The subset of values represented by the box and whisker plot represent individual spheres of
0.33 m radius surrounding the head of the non-infected occupants within the space.

replacement of the windows to improve their insulative value. Care occupants, the well-mixed assumption is valid for this application and a
should be taken as a similar case is presented by exterior spaces with generalized air change model may be used.
plastic enclosures used by many eateries where cold outside surfaces Future work should include other HVAC systems such as displace-
allow for recirculation of contaminants. ment ventilation for improvements. For properly operated displacement
While open windows may give the impression of ventilation, they ventilation systems with low speed floor inlets and ceiling exhaust,
also create their own problems as the influx of air near the breathing concentration at breathing levels should be below well mixed values.
plane carries contaminants horizontally from an infected person near However, if occupants have loosely fitted masks, the performance could
the window to other occupants. Staggering seating arrangements and degrade if breathing exhaust escapes the thermal plumes around the
redirecting window air to the ground may remove this issue as it allows individual. Cold windows could also degrade performance.
for the buoyant plumes to redevelop and bring contaminants out of the Based on this work, air change rate increases above the current
breathing plane. recommendations are necessary to maintain exposure limits equivalent
Regarding flushing out contaminants in the absence of any to the current well-mixed assumption for all occupants. Such an increase
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in air change rate will require a commensurate increase in energy re-
quirements, to which local and zonal air filtration may be helpful in
reducing contaminant levels near the source. More work is necessary to
determine the impact of increased ventilation on air flow patterns, the
threshold for infection by aerosols, and to enhance the removal of
aerosols through the design of the airflow within an occupied space. This
work does not assess the impact of reducing occupancy levels further
while occupied and represents an opportunity for further work to
answer.

Declaration of competing interest

The authors declare that they have no known competing financial
interests or personal relationships that could have appeared to influence
the work reported in this paper.

References

[1] ASHRAE, ASHRAE position document on airborne infectious diseases, in: The
American Society of Heating, Refrigeration, and Air-Conditioning Engineers, 2020.
Atlanta.

[2] R.L. Riley, E.A. Nardell, Clearing the air: the theory and application of ultraviolet
air disinfection, Am. Rev. Respir. Dis. 139 (5) (1989) 1286-1294.

[3] J. Howard, A. Huang, Z. Li, Z. Tufekci, V. Zdimal, H.-M. v. d. Westhuizen, A.

v. Delft, A. Price, L. Fridman, L.-H. Tang, V. Tang, G.L. Watson, C.E. Bax, R. Shaikh,
F. Questier, D. Hernandez, L.F. Chu, C.M. Ramirez, A.W. Rimoin, An evidence
review of face masks against COVID-19, Proc. Natl. Acad. Sci. Unit. States Am. 118
(4) (2021).

[4] The association of energy engineers: Utah chapter, in: The Wells-Riley Equation

and COVID-19: Reducing Risk in Indoor Environments, AEE Utah, Salt Lake City,

2020.

Centers for Disease Control and Prevention, Social Distancing: Keep a Safe Distance

to Slow the Spread, CDC, 17 November 2020 [Online]. Available: https://www.

cdc.gov/coronavirus/2019-ncov/prevent-getting-sick/social-distancing.html.

(Accessed 22 April 2021).

[6] Y.Li, H. Qian, J. Hang, X. Chen, P. Cheng, H. Ling, S. Wang, P. Liang, J. Li, S. Xiao,
J. Wei, L. Liu, B.J. Cowling, M. Kang, Probable airborne transmission of SARS-CoV-
2 in a poorly ventilated restaurant, Build. Environ. 196 (2021).

[7]1 Y. Shen, C. Li, H. Dong, Z. Wang, L. Martinez, Z. Sun, A. Handel, Z. Chen, E. Chen,
M.H. Ebell, F. Wang, B. Yi, H. Wang, x. Wang, A. Wang, B. Chen, Y. Qi, L. Liang,
Y. Li, F. Ling, J. Chen, G. Xu, Community outbreak investigation of SARS-CoV-2
transmission among bus riders in eastern China, JAMA Intern. Med. 180 (12)
(2020) 1665-1671.

[8] D. Normile, The metropole, superspreaders, and other mysteries, Science 339
(6125) (2013) 1272-1273.

[9] Z. Ding, H. Qian, B. Xu, Y. Huang, T. Miao, H.-L. Yen, S. Xiao, L. Cui, X. Wu,
W. Shao, Y. Song, L. Sha, L. Zhou, Y. Xu, B. Zhu, Y. Li, Toilets dominate
environmental detection of severe acute respiratory syndrome coronavirus 2 in a
hospital, Sci. Total Environ. 753 (2021).

[10] Z.T. Ai, C.M. Mak, Large eddy simulation of wind-induced interunit dispersion
around multistory buildings, Int. J. Indoor Environ. Health 26 (2) (2015) 259-273.

[11] Y. Li, S. Duan, L.T.S. Yu, T.W. Wong, Multi-zone modeling of probable SARS virus
transmission by airflow between flats in Block E, Amoy Gardens, Int. J. Indoor
Environ. Health (2004) 96-111.

[12] P. Azimi, Z. Keshavarz, J.G.C. Laurent, B. Stephens, J.G. Allen, Mechanistic
transmission modeling of COVID-19 on the Diamond Princess cruise ship
demonstrates the importance of aerosol transmission, Proc. Natl. Acad. Sci. Unit.
States Am. 118 (8) (2021).

[13] G. Kampf, Y. Briiggemann, H. Kaba, J. Steinman, S. Pfaender, S. Scheithauer,

E. Steinmann, Potential sources, modes of transmission and effectiveness of
prevention measures against SARS-CoV-2, J. Hosp. Infect. 106 (4) (2020) 678-697.

[14] LF.-N. Hung, V.C.-C. Cheng, X. Li, A.R. Tam, D.L.-L. Hung, K.H.-Y. Chiu, C.C.-

Y. Yip, J.-P. Cai, D.T.-Y. Ho, S.-C. Wong, S.S.-M. Leung, M.-Y. Chu, M.O.-Y. Tang, J.
H.-K. Chen, R.W.-S. Poon, A.Y.-F. Fung, R.R. Zhang, E.Y.-W. Yan, L.-L. Chen, C.Y.-
K. Choi, K.-H. Leung, T.W.-H. Chung, S.H.-Y. Lim, T.P.-W. Lam, J.F.-W. Chan, K.-
H. Chan, T.-C. Wu, P.-L. Ho, J.W.-M. Chan, C.-S. Lau, K.K.-W. To, K.-Y. Yuen, SARS-
CoV-2 shedding and seroconversion among passengers quarantined after
disembarking a cruise ship: a case series, Lancet Infect. Dis. 10 (9) (2020)
1051-1060.

[15] J.S. Kutter, M.1. Spronken, P.L. Fraaij, R.A. Fouchier, S. Hersft, Transmission routes
of respiratory viruses among humans, Curr. Opin. Virol. 28 (2018) 142-151.

[16] E.C. Cole, C.E. Cook, Characterization of infectious aerosols in health care
facilities: an aid to effective engineering controls and preventive strategies, Am. J.
Infect. Contr. 26 (4) (1998) 453-464.

[17] S. Asadi, N. Bouvier, A.S. Wexler, W.D. Ristenpart, The coronavirus pandemic and
aerosols: does COVID-19 transmit via expiratory particles? Aerosol. Sci. Technol.
54 (6) (2020) 635-638.

[18] W.E. Bischoff, K. Swett, I. Leng, T.R. Peters, Exposure to influenza virus aerosols
during routine patient care, J. Infect. Dis. 7 (7) (2013) 1037-1046.

[5

—

20

[19]

[20]

[21]

[22]

[23]
[24]
[25]
[26]

[27]
[28]

[29]

[30]

[31]

[32]

[33]

[34]

[35]
[36]
[37]
[38]

[39]

[40]
[41]
[42]
[43]

[44]

[45]

[46]

[47]

[48]
[49]
[50]
[51]

[52]

Building and Environment 204 (2021) 108167

B. Blocken, F. Malizia, T.v. Druenen, T. Marchal, Towards Aerodynamically
Equivalent COVID19 1.5 M Social Distancing for Walking and Running, 2020
preprint.

L.S. Sonkin, The role of particle size in experimental air-borne infection, Am. J.
Epidemiol. 53 (3) (1951) 337-354.

K.P. Fennelly, J.W. Martyny, K.E. Fulton, LM. Orme, D.M. Cave, L.B. Heifets,
Cough-generated aerosols of Mycobacterium tuberculosis: a new method to study
infectiousness, Am. J. Respir. Crit. Care Med. 169 (5) (2003) 604-609.

C.E. Wainwright, M.W. France, P. O'Rourke, S. Anuj, T.J. Kidd, M.D. Nissen, T.
P. Sloots, C. Coulter, Z. Ristovski, M. Hargreaves, B.R. Rose, C. Harbour, S.C. Bell,
K.P. Fennelly, Cough-generated aerosols of Pseudomonas aeruginosa and other
Gram-negative bacteria from patients with cystic fibrosis, Thorax 64 (11) (2009)
926-931.

W.F. Wells, Airborne Contagion and Air Hygiene, Cambridge University Press,
Cambridge, 1955.

W.F. Wells, On air-borne infection: study II. Droplets and droplet nuclei, Am. J.
Epidemiol. 20 (3) (1934) 611-618.

W.C. Hinds, Aerosol Technology: Properties, Behavior, and Measurement of
Airborne Particles, Wiley, New York, 1999.

0. Lidwell, A. Towers, Protection from microbial contamination in a room
ventilated by a uni-directional air flow, J. Hyg. 67 (1) (1969) 95-106.

M. Mitman, Aerial infection, Br. Med. J. 1 (4385) (1945) 71-74.

C.P. Yaglou, U. Wilson, Disinfection of air by air conditioning processes,
Aerobiology (1942) 129-132.

W.F. Wells, M.W. Wells, T.S. Wilder, The environmental control of epidemic
contagion, Am. J. Epidemiol. 35 (1) (1942) 97-121.

M. Yamakawa, N. Hosotani, K. Matsuno, S. Asao, T. Inomoto, S. Ishihara, Viral
infection simulation in an indoor environment, in: The Asian Symposium on
Computational Heat Transfer and Fluid Flow 2015, 2015. Busan.

L. Morawska, J.W. Tang, W. Bahnfleth, P.M. Bluyssen, A. Boerstra, G. Buonanno,
J. Cao, S. Dancer, A. Floto, F. Franchimon, C. Haworth, J. Hogeling, C. Isaxon, J.
L. Jimenez, J. Kurnitski, Y. Li, M. Loomans, G. Marks, L.C. Marr, L. Mazzarella, A.
K. Melikov, S. Miller, D.K. Milton, W. Nazaroff, P.V. Nielsen, C. Noakes, J. Peccia,
X. Querol, C. Sekhar, O. Seppénen, S.-i. Tanabe, K. Wai, K.W. Tham, P. Wargocki,
A. Wierzbicka, M. Yao, How can airborne transmission of COVID-19 indoors be
minimised? Environ. Int. 142 (2020).

M. Nicas, W.W. Nazaroff, A. Hubbard, Toward understanding the risk of secondary
airborne infection: emission of respirable pathogens, J. Occup. Environ. Hyg. 2 (3)
(2005) 143-154.

E.C. Riley, G. Murphy, R.L. Riley, Airborne spread of measles in a suburban
elementary school, Am. J. Epidemiol. 107 (5) (1978) 421-432.

D.A. Rothamer, S. Sanders, D. Reindl, T.H. Bertram, Strategies to Minimize SARS-
CoV-2 Transmission in Classroom Settings: Combined Impacts of Ventilation and
Mask Effective Filtration Efficiency, 2021 medRxiv preprint.

REHVA, REHVA COVID-19 Guidance Document v4.0, Federation of European
Heating, Ventilation and Air Conditioing Associates, Brussels, 2020.

B. Stephens, HVAC Filtration and the Wells-Riley Approach to Assessing Risks of
Infectious Airborne Diseases, NAFA, Virginia Beach, 2012.

M. Evans, Avoiding COVID-19: Aerosol Guidelines, arXiv preprint, 2020.

J. Ly, J. Gu, K. Li, C. Xu, W. Su, Z. Lai, D. Zhou, C. Yu, B. Xu, Z. Yang, COVID-19
outbreak associated with air conditioning in restaurant, Guangzhou, China, Emerg.
Infect. Dis. 26 (7) (2020) 1628-1631, 2020.

K.-S. Kwon, J.-I. Park, Y.J. Park, D.-M. Jung, K.-W. Ryu, J.-H. Lee, Evidence of long-
distance droplet transmission of SARS-CoV-2 by direct air flow in a restaurant in
Korea, J. Kor. Med. Sci. 35 (46) (2020).

C.E. Walker, L.K. Norford, L.R. Glicksman, Assessing the performance of a naturally
ventilated office building, Build. Eng. 112 (1) (2006) 281-294.

F.D. Espinosa, L.R. Glicksman, Determining thermal stratification in rooms with
high supply momentum, Build. Environ. (2017) 99-114.

American Society of Heating, Refrigerating, and Air-Conditioning Engineers,
ASHRAE, Atlanta, 2017. ASHRAE Handbook - Fundamentals.

R.K. Bhagat, M.S.D. Wykes, S.B. Dalziel, P.F. Linden, Effects of ventilation on the
indoor spread of COVID-19, J. Fluid Mech. 903 (2020).

J. Srebric, V. Vukovic, G. He, X. Yang, CFD boundary conditions for contaminant
dispersion, heat transfer and airflow simulations around human occupants in
indoor environments, Build. Environ. 43 (3) (2008) 294-303.

Q. He, J. Niu, N. Gao, T. Zhu, J. Wu, CFD study of exhaled droplet transmission
between occupants under different ventilation strategies in a typical office room,
Build. Environ. 46 (2) (2011) 397-408.

M.P. Wan, C.Y.H. Chao, Y.D. Ng, G.N. Sze To, W.C. Yu, Dispersion of expiratory
droplets in a general hospital ward with ceiling mixing type mechanical ventilation
system, Aerosol. Sci. Technol. 41 (3) (2007) 244-258.

M.P. Wan, G.N. Sze To, C.Y.H. Chao, L. Fang, A. Melikov, Modeling the fate of
expiratory aerosols and the associated infection risk in an aircraft cabin
environment, Aerosol. Sci. Technol. 43 (4) (2009) 322-343.

N. Bartzokas, M. Grondahl, K. Patanjali, M. Peyton, B. Saget, U. Syam, Why
Opening Windows Is a Key to Reopening Schools, 2021. New York City.

R. Padilla, S.J. Beard, Seating in Outdoor Structures Isn’t Always Safer than Indoor
Dining, McLean, 2021. Here’s why.

ANSYS, Inc, ANSYS Fluent User’s Guide: 2020 R1, ANSYS, Inc., Canonsburg, 2020.
M. Bivolarova, J. Ondracek, A. Melikov, V. Zdimal, A comparison between tracer
gas and aerosol particles distribution indoors: the impact of ventilation rate,
interation of airflows, and presence of objects, Indoor Air 27 (6) (2017) 1-12.

D. Rim, A. Novoselac, Transport of particulate and gaseous pollutants in the
vicinity of a human body, Build. Environ. 44 (2009) 1840-1849.


http://refhub.elsevier.com/S0360-1323(21)00568-0/sref1
http://refhub.elsevier.com/S0360-1323(21)00568-0/sref1
http://refhub.elsevier.com/S0360-1323(21)00568-0/sref1
http://refhub.elsevier.com/S0360-1323(21)00568-0/sref2
http://refhub.elsevier.com/S0360-1323(21)00568-0/sref2
http://refhub.elsevier.com/S0360-1323(21)00568-0/sref3
http://refhub.elsevier.com/S0360-1323(21)00568-0/sref3
http://refhub.elsevier.com/S0360-1323(21)00568-0/sref3
http://refhub.elsevier.com/S0360-1323(21)00568-0/sref3
http://refhub.elsevier.com/S0360-1323(21)00568-0/sref3
http://refhub.elsevier.com/S0360-1323(21)00568-0/sref4
http://refhub.elsevier.com/S0360-1323(21)00568-0/sref4
http://refhub.elsevier.com/S0360-1323(21)00568-0/sref4
https://www.cdc.gov/coronavirus/2019-ncov/prevent-getting-sick/social-distancing.html
https://www.cdc.gov/coronavirus/2019-ncov/prevent-getting-sick/social-distancing.html
http://refhub.elsevier.com/S0360-1323(21)00568-0/sref6
http://refhub.elsevier.com/S0360-1323(21)00568-0/sref6
http://refhub.elsevier.com/S0360-1323(21)00568-0/sref6
http://refhub.elsevier.com/S0360-1323(21)00568-0/sref7
http://refhub.elsevier.com/S0360-1323(21)00568-0/sref7
http://refhub.elsevier.com/S0360-1323(21)00568-0/sref7
http://refhub.elsevier.com/S0360-1323(21)00568-0/sref7
http://refhub.elsevier.com/S0360-1323(21)00568-0/sref7
http://refhub.elsevier.com/S0360-1323(21)00568-0/sref8
http://refhub.elsevier.com/S0360-1323(21)00568-0/sref8
http://refhub.elsevier.com/S0360-1323(21)00568-0/sref9
http://refhub.elsevier.com/S0360-1323(21)00568-0/sref9
http://refhub.elsevier.com/S0360-1323(21)00568-0/sref9
http://refhub.elsevier.com/S0360-1323(21)00568-0/sref9
http://refhub.elsevier.com/S0360-1323(21)00568-0/sref10
http://refhub.elsevier.com/S0360-1323(21)00568-0/sref10
http://refhub.elsevier.com/S0360-1323(21)00568-0/sref11
http://refhub.elsevier.com/S0360-1323(21)00568-0/sref11
http://refhub.elsevier.com/S0360-1323(21)00568-0/sref11
http://refhub.elsevier.com/S0360-1323(21)00568-0/sref12
http://refhub.elsevier.com/S0360-1323(21)00568-0/sref12
http://refhub.elsevier.com/S0360-1323(21)00568-0/sref12
http://refhub.elsevier.com/S0360-1323(21)00568-0/sref12
http://refhub.elsevier.com/S0360-1323(21)00568-0/sref13
http://refhub.elsevier.com/S0360-1323(21)00568-0/sref13
http://refhub.elsevier.com/S0360-1323(21)00568-0/sref13
http://refhub.elsevier.com/S0360-1323(21)00568-0/sref14
http://refhub.elsevier.com/S0360-1323(21)00568-0/sref14
http://refhub.elsevier.com/S0360-1323(21)00568-0/sref14
http://refhub.elsevier.com/S0360-1323(21)00568-0/sref14
http://refhub.elsevier.com/S0360-1323(21)00568-0/sref14
http://refhub.elsevier.com/S0360-1323(21)00568-0/sref14
http://refhub.elsevier.com/S0360-1323(21)00568-0/sref14
http://refhub.elsevier.com/S0360-1323(21)00568-0/sref14
http://refhub.elsevier.com/S0360-1323(21)00568-0/sref15
http://refhub.elsevier.com/S0360-1323(21)00568-0/sref15
http://refhub.elsevier.com/S0360-1323(21)00568-0/sref16
http://refhub.elsevier.com/S0360-1323(21)00568-0/sref16
http://refhub.elsevier.com/S0360-1323(21)00568-0/sref16
http://refhub.elsevier.com/S0360-1323(21)00568-0/sref17
http://refhub.elsevier.com/S0360-1323(21)00568-0/sref17
http://refhub.elsevier.com/S0360-1323(21)00568-0/sref17
http://refhub.elsevier.com/S0360-1323(21)00568-0/sref18
http://refhub.elsevier.com/S0360-1323(21)00568-0/sref18
http://refhub.elsevier.com/S0360-1323(21)00568-0/sref19
http://refhub.elsevier.com/S0360-1323(21)00568-0/sref19
http://refhub.elsevier.com/S0360-1323(21)00568-0/sref19
http://refhub.elsevier.com/S0360-1323(21)00568-0/sref20
http://refhub.elsevier.com/S0360-1323(21)00568-0/sref20
http://refhub.elsevier.com/S0360-1323(21)00568-0/sref21
http://refhub.elsevier.com/S0360-1323(21)00568-0/sref21
http://refhub.elsevier.com/S0360-1323(21)00568-0/sref21
http://refhub.elsevier.com/S0360-1323(21)00568-0/sref22
http://refhub.elsevier.com/S0360-1323(21)00568-0/sref22
http://refhub.elsevier.com/S0360-1323(21)00568-0/sref22
http://refhub.elsevier.com/S0360-1323(21)00568-0/sref22
http://refhub.elsevier.com/S0360-1323(21)00568-0/sref22
http://refhub.elsevier.com/S0360-1323(21)00568-0/sref23
http://refhub.elsevier.com/S0360-1323(21)00568-0/sref23
http://refhub.elsevier.com/S0360-1323(21)00568-0/sref24
http://refhub.elsevier.com/S0360-1323(21)00568-0/sref24
http://refhub.elsevier.com/S0360-1323(21)00568-0/sref25
http://refhub.elsevier.com/S0360-1323(21)00568-0/sref25
http://refhub.elsevier.com/S0360-1323(21)00568-0/sref26
http://refhub.elsevier.com/S0360-1323(21)00568-0/sref26
http://refhub.elsevier.com/S0360-1323(21)00568-0/sref27
http://refhub.elsevier.com/S0360-1323(21)00568-0/sref28
http://refhub.elsevier.com/S0360-1323(21)00568-0/sref28
http://refhub.elsevier.com/S0360-1323(21)00568-0/sref29
http://refhub.elsevier.com/S0360-1323(21)00568-0/sref29
http://refhub.elsevier.com/S0360-1323(21)00568-0/sref30
http://refhub.elsevier.com/S0360-1323(21)00568-0/sref30
http://refhub.elsevier.com/S0360-1323(21)00568-0/sref30
http://refhub.elsevier.com/S0360-1323(21)00568-0/sref31
http://refhub.elsevier.com/S0360-1323(21)00568-0/sref31
http://refhub.elsevier.com/S0360-1323(21)00568-0/sref31
http://refhub.elsevier.com/S0360-1323(21)00568-0/sref31
http://refhub.elsevier.com/S0360-1323(21)00568-0/sref31
http://refhub.elsevier.com/S0360-1323(21)00568-0/sref31
http://refhub.elsevier.com/S0360-1323(21)00568-0/sref31
http://refhub.elsevier.com/S0360-1323(21)00568-0/sref32
http://refhub.elsevier.com/S0360-1323(21)00568-0/sref32
http://refhub.elsevier.com/S0360-1323(21)00568-0/sref32
http://refhub.elsevier.com/S0360-1323(21)00568-0/sref33
http://refhub.elsevier.com/S0360-1323(21)00568-0/sref33
http://refhub.elsevier.com/S0360-1323(21)00568-0/sref34
http://refhub.elsevier.com/S0360-1323(21)00568-0/sref34
http://refhub.elsevier.com/S0360-1323(21)00568-0/sref34
http://refhub.elsevier.com/S0360-1323(21)00568-0/sref35
http://refhub.elsevier.com/S0360-1323(21)00568-0/sref35
http://refhub.elsevier.com/S0360-1323(21)00568-0/sref36
http://refhub.elsevier.com/S0360-1323(21)00568-0/sref36
http://refhub.elsevier.com/S0360-1323(21)00568-0/sref37
http://refhub.elsevier.com/S0360-1323(21)00568-0/sref38
http://refhub.elsevier.com/S0360-1323(21)00568-0/sref38
http://refhub.elsevier.com/S0360-1323(21)00568-0/sref38
http://refhub.elsevier.com/S0360-1323(21)00568-0/sref39
http://refhub.elsevier.com/S0360-1323(21)00568-0/sref39
http://refhub.elsevier.com/S0360-1323(21)00568-0/sref39
http://refhub.elsevier.com/S0360-1323(21)00568-0/sref40
http://refhub.elsevier.com/S0360-1323(21)00568-0/sref40
http://refhub.elsevier.com/S0360-1323(21)00568-0/sref41
http://refhub.elsevier.com/S0360-1323(21)00568-0/sref41
http://refhub.elsevier.com/S0360-1323(21)00568-0/sref42
http://refhub.elsevier.com/S0360-1323(21)00568-0/sref42
http://refhub.elsevier.com/S0360-1323(21)00568-0/sref43
http://refhub.elsevier.com/S0360-1323(21)00568-0/sref43
http://refhub.elsevier.com/S0360-1323(21)00568-0/sref44
http://refhub.elsevier.com/S0360-1323(21)00568-0/sref44
http://refhub.elsevier.com/S0360-1323(21)00568-0/sref44
http://refhub.elsevier.com/S0360-1323(21)00568-0/sref45
http://refhub.elsevier.com/S0360-1323(21)00568-0/sref45
http://refhub.elsevier.com/S0360-1323(21)00568-0/sref45
http://refhub.elsevier.com/S0360-1323(21)00568-0/sref46
http://refhub.elsevier.com/S0360-1323(21)00568-0/sref46
http://refhub.elsevier.com/S0360-1323(21)00568-0/sref46
http://refhub.elsevier.com/S0360-1323(21)00568-0/sref47
http://refhub.elsevier.com/S0360-1323(21)00568-0/sref47
http://refhub.elsevier.com/S0360-1323(21)00568-0/sref47
http://refhub.elsevier.com/S0360-1323(21)00568-0/sref48
http://refhub.elsevier.com/S0360-1323(21)00568-0/sref48
http://refhub.elsevier.com/S0360-1323(21)00568-0/sref49
http://refhub.elsevier.com/S0360-1323(21)00568-0/sref49
http://refhub.elsevier.com/S0360-1323(21)00568-0/sref50
http://refhub.elsevier.com/S0360-1323(21)00568-0/sref51
http://refhub.elsevier.com/S0360-1323(21)00568-0/sref51
http://refhub.elsevier.com/S0360-1323(21)00568-0/sref51
http://refhub.elsevier.com/S0360-1323(21)00568-0/sref52
http://refhub.elsevier.com/S0360-1323(21)00568-0/sref52

G.K. Rencken et al. Building and Environment 204 (2021) 108167

[53] B.A. Craven, G.S. Settles, A computational and experimental investigation of the Heating, Ventilation and Air-Conditioning (HVAC) Systems, Massachusetts
human thermal plume, J. Fluid Eng. 128 (6) (2006) 1251-1258. Institute of Technology, Cambridge, 2020.

[54] N. Ghanta, Meta-modeling and Optimization of Computational Fluid Dynamics [55] C.Xu, P.V. Nielsen, G. Gong, L. Liu, R.L. Jensen, Measuring the exhaled breath of a
(CFD) Analysis in Thermal Comfort for Energy-Efficient Chilled Beams-Based manikin and human subjects, Indoor Air 25 (2015) 188-197.

21


http://refhub.elsevier.com/S0360-1323(21)00568-0/sref53
http://refhub.elsevier.com/S0360-1323(21)00568-0/sref53
http://refhub.elsevier.com/S0360-1323(21)00568-0/sref54
http://refhub.elsevier.com/S0360-1323(21)00568-0/sref54
http://refhub.elsevier.com/S0360-1323(21)00568-0/sref54
http://refhub.elsevier.com/S0360-1323(21)00568-0/sref54
http://refhub.elsevier.com/S0360-1323(21)00568-0/sref55
http://refhub.elsevier.com/S0360-1323(21)00568-0/sref55

	Patterns of SARS-CoV-2 aerosol spread in typical classrooms
	1 Introduction
	2 Computational fluid dynamics
	2.1 Governing equations
	2.2 Geometry
	2.3 Boundary conditions
	2.4 Meshing and grid independence test
	2.5 Experimental Confirmation

	3 Results
	3.1 Effects of exhale speed on direction of expelled aerosols and importance of masks
	3.2 Display of results
	3.3 Natural ventilation results
	3.3.1 Simulation B: double hung windows between rows of students
	3.3.2 Simulation C: baffles on double hung windows aligned with rows of students
	3.3.3 Simulation D: door open and bottom windows as inlets between rows of students
	3.3.4 Simulation E: door open and top windows as inlets between rows of students

	3.4 HVAC results
	3.4.1 Simulation F: heating with moderate heat loss to a window
	3.4.2 Simulation G and H: heating cases, cold and colder windows
	3.4.3 Simulation I: heating with radiator
	3.4.4 Simulations J and K: cooling cases, warm and hot windows
	3.4.5 Simulations L and M: No mask
	3.4.6 Simulation N: No window, adiabatic room

	3.5 Simulation comparisons
	3.6 Flushing simulation
	3.7 Energy implications and reduced occupancy

	4 Conclusions
	Declaration of competing interest
	References


